de Beer VJ, Taverne YJ, Kuster DW, Najafi A, Duncker DJ, Merkus D. Prostanoids suppress the coronary vasoconstrictor influence of endothelin after myocardial infarction. Am J Physiol Heart Circ Physiol 301: H1080 -H1089, 2011. First published June 17, 2011 doi:10.1152/ajpheart.01307.2010 is associated with endothelial dysfunction resulting in an imbalance in endothelium-derived vasodilators and vasoconstrictors. We have previously shown that despite increased endothelin (ET) plasma levels, the coronary vasoconstrictor effect of endogenous ET is abolished after MI. In normal swine, nitric oxide (NO) and prostanoids modulate the vasoconstrictor effect of ET. In light of the interaction among NO, prostanoids, and ET combined with endothelial dysfunction present after MI, we investigated this interaction in control of coronary vasomotor tone in the remote noninfarcted myocardium after MI. Studies were performed in chronically instrumented swine (18 normal swine; 13 swine with MI) at rest and during treadmill exercise. Furthermore, endothelial nitric oxide synthase (eNOS) and cyclooxygenase protein levels were measured in the anterior (noninfarcted) wall of six normal and six swine with MI. eNOS inhibition with N -nitro-L-arginine (L-NNA) and cyclooxygenase inhibition with indomethacin each resulted in coronary vasoconstriction at rest and during exercise, as evidenced by a decrease in coronary venous oxygen levels. The effect of L-NNA was slightly decreased in swine with MI, although eNOS expression was not altered. Conversely, in accordance with the unaltered expression of cyclooxygenase-1 after MI, the effect of indomethacin was similar in normal and MI swine. L-NNA enhanced the vasodilator effect of the ETA/B receptor blocker tezosentan but exclusively during exercise in both normal and MI swine. Interestingly, this effect of L-NNA was blunted in MI compared with normal swine. In contrast, whereas indomethacin increased the vasodilator effect of tezosentan only during exercise in normal swine, indomethacin unmasked a coronary vasodilator effect of tezosentan in MI swine both at rest and during exercise. In conclusion, the present study shows that endothelial control of the coronary vasculature is altered in post-MI remodeled myocardium. Thus the overall vasodilator influences of NO as well as its inhibition of the vasoconstrictor influence of ET on the coronary resistance vessels were reduced after MI. In contrast, while the overall prostanoid vasodilator influence was maintained, its inhibition of ET vasoconstrictor influences was enhanced in post-MI remote myocardium. endothelin; nitric oxide; prostacyclin CONGESTIVE HEART FAILURE IS the only major cardiovascular disorder of which the incidence has increased over the past decade, which is principally due to a reduction in mortality associated with acute myocardial infarction (MI). Consequently, MI has become an increasingly important risk factor for the development of congestive heart failure (5). The loss of viable myocardial tissue and the consequent left ventricular (LV) dysfunction result in neurohumoral activation, which, in conjunction with altered mechanical loading conditions of the LV, initiates the process of LV remodeling (consisting of LV hypertrophy and dilation). Although these adaptations are aimed at restoring cardiac pump performance, LV remodeling has been shown to be an independent risk factor for later development of congestive heart failure (5). The mechanisms that contribute to the progression from mild LV dysfunction to overt congestive heart failure are still incompletely understood but could involve an impaired supply of O 2 to the hypertrophied myocardium. This concept is supported by observations in humans and animals with LV dysfunction after MI, indicating a reduction in coronary flow reserve of up to 35% in the surviving postinfarct LV myocardium (see Ref. 12 for review). Furthermore, hemodynamic and neurohumoral abnormalities associated with LV dysfunction are exacerbated during exercise (24, 32), which is accompanied by small perturbations in the myocardial O 2 balance as O 2 supply fails to match the increased O 2 demand (9, 24).
quently, MI has become an increasingly important risk factor for the development of congestive heart failure (5) . The loss of viable myocardial tissue and the consequent left ventricular (LV) dysfunction result in neurohumoral activation, which, in conjunction with altered mechanical loading conditions of the LV, initiates the process of LV remodeling (consisting of LV hypertrophy and dilation). Although these adaptations are aimed at restoring cardiac pump performance, LV remodeling has been shown to be an independent risk factor for later development of congestive heart failure (5) . The mechanisms that contribute to the progression from mild LV dysfunction to overt congestive heart failure are still incompletely understood but could involve an impaired supply of O 2 to the hypertrophied myocardium. This concept is supported by observations in humans and animals with LV dysfunction after MI, indicating a reduction in coronary flow reserve of up to 35% in the surviving postinfarct LV myocardium (see Ref. 12 for review). Furthermore, hemodynamic and neurohumoral abnormalities associated with LV dysfunction are exacerbated during exercise (24, 32) , which is accompanied by small perturbations in the myocardial O 2 balance as O 2 supply fails to match the increased O 2 demand (9, 24) .
A distinct feature of swine with a recent MI is an elevation of circulating endothelin (ET) levels at rest and during treadmill exercise (24, 34) . We (34) therefore previously tested the hypothesis that an increased vasoconstrictor influence of ET contributed to the perturbations in myocardial oxygen balance but found a paradoxical loss of coronary vasoconstrictor influence by ET. The mechanism for the loss of ET constrictor influence was not addressed in that study. However, in normal swine, we observed that nitric oxide (NO) and prostacyclin act in concert to blunt the ET-induced coronary vasoconstriction particularly during exercise (40) . These findings suggest that NO and prostacyclin may also be responsible for negating the vasoconstrictor influence of ET in remodeled myocardium after MI.
In light of these considerations, the present study was undertaken to test the hypothesis that NO and prostacyclin are responsible for the abolished ET vasoconstrictor influence in swine with a recent MI. In view of previous observations that NO-mediated vasodilation is maintained or slightly decreased in remote myocardium after MI (25) , whereas expression of cyclooxygenase (COX)-1 and COX-2 is increased in the human heart after MI (50), we further hypothesized that inhibition of ET would be particularly prostanoid and to a lesser extent NO mediated. For the purpose of testing these hypotheses, swine were chronically instrumented, subjected to permanent ligation of the left circumflex coronary artery or a sham procedure, and studied ϳ2 wk later while running on a tread-mill. To investigate whether alterations in myocardial endothelial nitric oxide synthase (eNOS), COX-1, and/or COX-2 contributed to altered influences of either NO or prostanoids on coronary vasomotor tone, protein expression of eNOS, COX-1, and COX-2 was measured in normal myocardium as well as in the remote myocardium after MI.
METHODS

Animals
Studies were performed in accordance with the American Physiological Society's Guiding Principles in the Care and Use of Laboratory Animals and with approval of the Animal Care Committee of Erasmus MC. A total of 35 crossbred Yorkshire ϫ Landrace swine of either sex (2 to 3 mo old; 22 Ϯ 1 kg at the time of surgery) were entered into the study.
Surgical Procedures
Swine were sedated (20 mg/kg ketamine im ϩ 1 mg/kg midazolam im), anesthetized (thiopental sodium: 15 mg/kg iv), intubated, and ventilated with a mixture of O 2 and N2 (1:2) (17). Anesthesia was maintained with midazolam (2 mg/kg ϩ 1 mg·kg Ϫ1 ·h Ϫ1 iv) and fentanyl (10 g·kg Ϫ1 ·h Ϫ1 iv). Swine were instrumented under sterile conditions as previously described (34). Briefly, a thoracotomy was performed in the fourth intercostal space. Subsequently, a polyvinylchloride catheter was inserted into the aortic arch for the measurement of aortic pressure and blood sampling for the determination of PO 2, PCO2, pH (ABL 505; Radiometer), O2 saturation, and hemoglobin concentration (OSM3; Radiometer). A high-fidelity Konigsberg pressure transducer was inserted into the LV via the apex for measurement of LV pressure and maximum rate of rise in LV pressure (LVdP/ dt max). Fluid-filled catheters were implanted for measurement of blood pressure and/or infusion of drugs in the LV, left atrium, and pulmonary artery. Furthermore, a small angiocatheter was inserted into the anterior interventricular vein for coronary venous blood sampling. Flow probes were placed around the proximal left anterior descending coronary artery (2.5-3 mm; Transonic Systems) for measurement of coronary blood flow and the aorta (14 -16 mm; Skalar) for measurement of both cardiac output and stroke volume (33) . Finally, in all animals the proximal part of the left coronary circumflex artery (LCx) was exposed, but only in 17 swine that were designated to the MI group the LCx was permanently occluded with a silk suture (7) . Three MI swine died during surgery, due to recurrent fibrillation. Electrical wires and catheters were tunneled subcutaneously to the back. The chest was closed, and the animals were allowed to recover.
Animals received analgesia (0.3 mg buprenorphine im) for 2 days and antibiotic prophylaxis (25 mg/kg amoxicillin and 5 mg/kg gentamycin iv) for 5 days. One MI swine died overnight following surgery.
Exercise Protocols
Studies were performed 1-3 wk after surgery with swine [13 MI and 18 normal (N) animals] exercising on a motor driven treadmill. Excellent reproducibility of consecutive exercise trials has been reported previously (10, 14, 16, 44) . Four exercise protocols were performed on four different days and in random order.
ET receptor blockade. With swine (8 MI; 12 N) lying quietly on the treadmill, resting hemodynamic measurements were obtained and blood samples collected. Hemodynamic measurements were repeated and rectal temperature was measured with animals standing on the treadmill. Subsequently, a four-stage (1-4 km/h) treadmill exercise protocol was started for MI swine, whereas a five-stage exercise protocol (1-5 km/h) was started for normal swine; each exercise stage lasted 2-3 min. Hemodynamic variables were continuously recorded and blood samples were collected during the last 60 s of each stage. After completing the control exercise protocol, animals were allowed to rest on the treadmill for 90 min. Then, the mixed ET A and ETB receptor (ETA/ETB) antagonist tezosentan (a gift from Dr Clozel, Actelion Pharmaceuticals) was intravenously administered over 10 min in a dose of 3 mg/kg, followed by a continuous infusion of 6 mg·kg Ϫ1 ·h
Ϫ1
iv (31) , and the exercise protocol was repeated. eNOS inhibition and ET receptor blockade. Ninety minutes after nine MI and nine normal swine had undergone a control exercise trial, animals received the NO synthase inhibitor N -nitro-L-arginine [L-NNA; Sigma (Zwijndrecht, The Netherlands); 20 mg/kg iv; Ref. 10] and underwent a second exercise trial. Ninety minutes later, a subset of animals (6 MI; 8 N) animals received tezosentan (3 mg/kg iv ϩ 6 mg·kg Ϫ1 ·h Ϫ1 iv) and underwent a third exercise trial. COX inhibition and ET receptor blockade. Ninety minutes after 11 MI and 10 normal swine had undergone a control exercise trial (as described above), animals received the COX inhibitor indomethacin (Sigma) in a dose of 10 mg/kg iv infused over 10 min (36) and 5 min later underwent a second exercise trial. Another 90 min later, a subset of animals (7 MI; 8 N) animals received indomethacin in a dose of 5 mg/kg iv, which resulted in hemodynamic conditions that were identical to those following administration of 10 mg/kg before the second exercise trial (37) . Subsequently, animals received tezosentan (3 mg/kg iv ϩ 6 mg·kg Ϫ1 ·h Ϫ1 iv) and underwent a third exercise trial. Expression of eNOS and COX. A separate group of swine (n ϭ 12) was used for determination of eNOS, COX-1, and COX-2 in the anterior LV wall, corresponding to the LV region in which coronary blood flow studies were performed. Initial surgery was performed as described above, but no catheters were implanted (11) . The LCx coronary artery was dissected free in all 12 swine and ligated to induce MI in 6 swine. These swine were killed 3 wk after induction of MI or sham operation. Tissue homogenates were prepared from frozen LV subendocardial tissue from the anterior wall, which represents remote noninfarcted area in MI animals. Protein levels were studied by immunoblotting against COX-1 (1:1,000; sc-7950; Santa Cruz Biotechnology, Santa Cruz, CA), COX-2 (1:500; 160112; Cayman Chemical, Ann Arbor, MI), and eNOS (1: 1,000; 610297; BD Transduction Laboratories, San Jose, CA) and normalized to ␣-actin (1:1,000; A1804; Sigma) used as a loading control.
Data Acquisition and Analysis
Digital recording and off-line analysis of hemodynamic data and computation of myocardial O 2 consumption (MV O2) and myocardial O2 extraction (MEO2) have been described in detail elsewhere (16, 17, 33) . Statistical analysis of hemodynamic data was performed using three-way (MI, drug treatment, and exercise) or two-way (MI and exercise) ANOVA for repeated measures, as appropriate. When significant effects were detected post hoc testing for the effects of exercise, drug treatment and MI were performed using Scheffé's test. To test for the effects of MI and drug treatment on the relation between MV O2 and either coronary venous O2 tension (PcvO 2 ), saturation (ScvO 2 ), or MEO2, regression analysis was performed with each animal as a dummy variable and with MI, drug treatment, and MV O2 as independent variables. Band densities of the Western blots were compared using an unpaired t-test. Statistical significance was accepted at P Յ 0.05 (two-tailed). Data are presented as means Ϯ SE. Since statistical analyses revealed no differences between male and female swine, data from both sexes were pooled. Data on part of the normal swine have been previously reported (37) .
RESULTS
Effects of MI on Hemodynamics and Myocardial Oxygen Balance
Ligation of the LCx results in an infarction of 20 -25% of the LV (42) . The surviving myocardium hypertrophies as evidenced by a significant increase in LV weight to body weight ratio from 3.1 Ϯ 0.2 g/kg in normal swine to 3.7 Ϯ 0.2 g/kg in swine with MI, despite obvious thinning of the scar tissue compared with normal myocardium.
Swine with a MI displayed significant LV dysfunction as evidenced by decreases in LVdP/dt max , stroke volume, and LV systolic pressure and an increase in LV filling pressure at rest, but particularly during exercise, compared with normal swine (Fig. 1) .
In normal swine, the exercise-induced increase in myocardial O 2 delivery matched the increase in myocardial O 2 demand; allowing MEO 2 to be maintained constant, so that Pcv O 2 and Scv O 2 remained unaltered during exercise. In the remote myocardium of MI swine, MEO 2 was slightly higher at rest and particularly during exercise, reflecting a subtle mismatch between O 2 delivery and demand, although this was not accompanied by significant decreases in Scv O 2 ( Fig. 1) .
Role of NO and Prostanoids in the Regulation of Coronary Resistance Vessel Tone after MI
The effects of L-NNA and indomethacin on hemodynamics and blood gases at rest and during exercise are shown in Tables 1 and 2 . In both swine with MI and in normal swine, 
Data are means Ϯ SE. MI, myocardial infarction; eNOS, endothelial nitric oxide synthase; COX, cyclooxygenase; HR, heart rate; Indo, indomethacin; MAP, mean arterial pressure; LVSP, left ventricular systolic pressure; LVdP/dtmax, maximum rate of rise in left ventricular pressure; LAP, left atrial pressure; L-NNA, N -nitro-L-arginine (MI: n ϭ 9; normal: n ϭ 9); Indo, indomethacin (MI: n ϭ11; normal: n ϭ10). *P Յ 0.05 vs. rest; †P Յ 0.05 vs. control; §P Յ 0.05 vs. normal swine.
inhibition of the production of NO or prostanoid production resulted in systemic vasoconstriction as evidenced by the increase in blood pressure, which resulted in a, probably baroreceptor reflex mediated, decrease in heart rate ( Table 1) . The increase in blood pressure and the decrease in heart rate had opposing effects on myocardial oxygen consumption, which therefore remained unaltered in the presence of either L-NNA or indomethacin (Table 2) .
Both L-NNA and indomethacin resulted in significant coronary vasoconstriction in MI swine at rest and during exercise, as evidenced by a downward shift of the relation between MV O 2 and Pcv O 2 as well as Scv O 2 (Fig. 2) . The vasoconstrictor responses to L-NNA were blunted in MI compared with normal swine, suggesting reduced bio-availability of NO in MI swine. The reduced effect of NO did not appear to be due to a decrease in eNOS protein, as eNOS expression was similar in the remote myocardium of swine with MI (0.93 Ϯ 0.11) compared with normal swine (0.93 Ϯ 0.14). In contrast, the vasoconstrictor responses to indomethacin tended to be slightly greater in MI than normal swine, but this failed to reach statistical significance (P Ͻ 0.10 for Pcv O 2 ). Moreover, there was no significant change in COX-1 protein expression in the remote myocardium after MI (0.25 Ϯ 0.04) compared with normal swine (0.43 Ϯ 0.09), while COX-2 expression could not be detected in either normal swine or in swine with MI.
Role of NO and Prostanoids in the Loss of ET Coronary Vasoconstrictor Influence after MI
The effects of tezosentan in the absence and presence of L-NNA or indomethacin on hemodynamics and blood gases at rest and during exercise are shown in Tables 3 and 4 . Irrespective of the presence of L-NNA or indomethacin, administration of tezosentan resulted of systemic vasodilation as evidenced by a decrease in blood pressure, resulting in an increase in heart rate ( Table 3 ). The decrease in blood pressure and the increase 
Data are means ϮSE. For L-NNA, MI: n ϭ 9; normal: n ϭ 9. For Indo: MI n ϭ 11; normal: n ϭ 10. Art, arterial; Hb, hemoglobin; SO2, oxygen saturation; PO2, oxygen tension; PCO2, carbon dioxide tension; PcvCO 2 , coronary venous O2 tension; CBF, coronary blood flow; MV O 2 , myocardial oxygen consumption; MEO2, myocardial oxygen extraction. *P Յ 0.05 vs. rest; †P Յ 0.05 vs. control; §P Յ 0.05 vs. normal swine.
in heart rate had opposing effects on myocardial oxygen consumption, which therefore was not altered by administration of tezosentan either in the presence or absence of L-NNA or indomethacin in MI swine. In normal swine, however, administration of tezosentan resulted in a slight increase of myocardial oxygen consumption under resting conditions both in the absence and presence of L-NNA and indomethacin (Table 4 ).
In accordance with previous studies from our laboratory (7, 34), tezosentan did not affect Pcv O 2 or Scv O 2 in MI swine, indicating a lack of coronary vasodilation in response to ET A /ET B receptor blockade and hence a lack of coronary vasoconstrictor influence by endogenous ET (Fig. 3 ). In contrast, tezosentan produced vasodilation in normal swine, which gradually waned with increasing exercise intensities (P Ͻ 0.05 for both Pcv O 2 and Scv O 2 ).
Pretreatment with L-NNA unmasked a small vasodilator response to tezosentan in MI swine, which was principally confined to exercise. These responses qualitatively resembled those in normal swine in which L-NNA also selectively enhanced tezosentan-induced vasodilation during exercise. Quantitatively, however, the vasodilator response during exercise was less in MI compared with normal swine. These findings suggest that not only the overall vasodilator influence of NO (Fig. 2) , but also the vasodilator influence through inhibition of ET, was reduced in swine with MI (Fig. 3) .
Pretreatment with indomethacin unmasked a marked vasodilator response to tezosentan in MI swine, both at rest and during exercise. In contrast, in normal swine indomethacin unmasked a vasodilator response to tezosentan only during exercise, while leaving the vasodilator response to tezosentan under resting conditions unaffected. These findings suggest that in MI swine prostanoids have increased importance in limiting the vasoconstrictor influence of ET and that the vasodilator effect of prostanoids in MI swine, particularly under resting conditions, is partly mediated through inhibition of the ET system.
DISCUSSION
The main findings of the present study were that in remote remodeled myocardium of swine with LV dysfunction due to a recent MI the vasoconstrictor response to L-NNA was blunted; furthermore, although pretreatment with L-NNA enhanced the vasodilator response to tezosentan after MI, the inhibitory effects of L-NNA on the endogenous ET system were attenuated compared with normal swine. In contrast to the effects of L-NNA, the vasoconstrictor responses to indomethacin were maintained in swine with MI. Moreover, pretreatment with indomethacin enhanced vasodilator responses to tezosentan, compared with normal swine. However, despite the altered coronary vasomotor influences of NO and/or prostanoids, the protein expression of eNOS, COX-1, and COX-2 was unaltered in the remote myocardium of swine with MI compared with normal swine. The implications of these findings will be discussed in detail below.
Methodological Considerations
Intravenous administration of blockers of vasoactive substances not only results in changes in coronary resistance vessel tone but also in marked changes in systemic hemodynamics. Thus both COX and eNOS inhibition result in systemic vasoconstriction, thereby increasing arterial pressure and, probably via activation of the baroreceptor reflex, resulting in a decrease in heart rate. Conversely, ET A /ET B receptor blockade causes mild systemic vasodilation, thereby decreasing arterial pressure and resulting in an increase in heart rate. These alterations in blood pressure are likely to cause autoregulatory adjustments in coronary vascular tone and thereby influence coronary vascular resistance independent of the direct effects of prostanoids, NO, and ET. In addition, the alterations in systemic hemodynamics may influence myocardial work and thereby myocardial O 2 consumption, which will result in adjustments of myocardial oxygen supply and hence coronary blood flow will change. Therefore, changes in coro- nary blood flow and/or coronary vascular resistance in response to inhibition of eNOS, COX, and blockade of ET A /ET B receptors do not adequately reflect regulatory changes in coronary resistance vessel tone.
To study the regulation of coronary resistance vessel tone in vivo, and corrected for changes in myocardial metabolism, the relation between coronary venous O 2 levels and myocardial O 2 consumption is commonly used (13, 45) . For example, a decrease in resistance vessel tone increases myocardial O 2 supply at a given level of myocardial O 2 consumption, allowing a decrease in myocardial O 2 extraction and leading to an increased coronary venous O 2 content and hence an upward shift of the relation between myocardial O 2 consumption and coronary venous O 2 levels. The coronary venous oxygen content thus represents an index of myocardial tissue oxygenation (i.e., the balance between oxygen delivery and oxygen consumption) that is determined by coronary resistance vessel tone (13, 45) . In the present study, we observed that, under resting conditions, Pcv O 2 was slightly elevated while Scv O 2 was unaltered in swine with MI compared with normal swine. These findings suggest a change in the oxygen dissociation curve. The oxygen dissociation curve can be influenced by pH, PCO 2 , and 2,3-diphosphoglycerate (2,3-DPG; Ref. 27) . A decrease in pH and an increase in PCO 2 , as occur in exercising muscle, facilitate the dissociation of O 2 , thereby promoting the diffusion of O 2 to the exercising tissue. As can be appreciated from Table 2 , neither pH nor PCO 2 changed after MI, suggesting that alterations in 2,3-DPG may be responsible for this shift in the oxygen dissociation curve. In support of this notion, Kedziora et al. (28) showed that 2,3-DPG in erythrocytes was significantly increased in patients 3 wk after MI. The increase in 2,3-DPG decreases the affinity of hemoglobin for O 2 and could have resulted in an increase in Pcv O 2 while Scv O 2 remained unaltered. Importantly, however, the effects of acute administration of indomethacin, L-NNA, and tezosentan did not appear to be influenced by the oxygen dissociation curve, as changes in Pcv O 2 and Scv O 2 produced by each of these pharmacological agents were similar.
Integrated Endothelial Control of Coronary Resistance Vessel Tone after MI
In accordance with previous studies from our laboratory, we showed in the present study that myocardial oxygen demand of the remote, noninfarcted myocardium, is slightly increased after MI, both at rest and during exercise. The increase in myocardial oxygen demand is most likely due to the LV 
Data are means Ϯ SE. For L-NNA, MI: n ϭ 6; normal: n ϭ 8. For Indo, MI: n ϭ 7; normal: n ϭ 8. For tezosentan (Tezo), MI n ϭ 8; normal: n ϭ 12. HR, heart rate; MAP, mean arterial pressure; LVSP, left ventricular systolic pressure; LVdP/dtmax, maximum rate of rise in left ventricular pressure; LAP, left atrial pressure. *P Յ 0.05 vs. rest; †P Յ 0.05 effect of Tezo; §P Յ 0.05 vs. normal swine.
hypertrophy as the magnitude of the increase in myocardial oxygen demand matches the increase in the LV-to-body weight ratio after MI. Any increase in myocardial oxygen demand necessitates an elevation of coronary blood flow and hence recruitment of coronary flow reserve. We have previously shown that withdrawal of ET-mediated vasoconstriction contributes to the recruitment of flow reserve both in the healthy myocardium during exercise (33) as well as in the remodeled myocardium after MI (34; present study). The withdrawal of ET-mediated coronary vasoconstriction after MI was not due to a loss of ET receptors, as coronary arterioles isolated from remote myocardium after MI displayed a more pronounced ET (34) . The withdrawal of ET-mediated vasoconstriction during exercise in the normal heart was shown to be mediated by NO and prostanoids (37) ; these data indicate that recruitment of coronary flow reserve during exercise depends critically on a healthy well-functioning endothelium. Since endothelial dysfunction has been shown to be present after MI (4, 47, 49) , we investigated in the present study if the contributions of the three main endothelial vasoactive systems (NO, prostanoids, and ET) to control of coronary resistance vessel tone in remodeled myocardium were altered at rest and/or during exercise.
Endothelial dysfunction results in a loss of NO bioavailability (21) , which could exacerbate LV dysfunction by increasing LV afterload, while simultaneously inducing coronary vasoconstriction and hampering myocardial O 2 supply (15, 29, 41) . Loss of NO may therefore have contributed to the slight increase in myocardial oxygen extraction at rest and during exercise as observed in the present study. In a previous study from our laboratory (25), we showed that exercise-induced NO-mediated coronary vasodilation was not significantly blunted after MI, although receptor-mediated NO production was reduced. The current study (in a different group of animals) showed a small, but statistically significant, reduction in NO-mediated coronary vasodilator influence after MI. This reduced vasodilator influence of NO was present both at rest and during exercise. Although eNOS expression was not altered in the remote myocardium after MI compared with normal myocardium, it is still possible that eNOS activity may have been lower due to loss of eNOS phosphorylation (38) or increased plasma levels of the endogenous eNOS inhibitor asymmetric dimethylarginine (20, 23) . The reduced NO-mediated vasodilation may have also been due to increased NO scavenging by reactive oxygen species. Indeed, studies in rats (1, 2) as well as a recent study in swine from our own laboratory (3) suggest that oxidative stress is increased in the remote myocardium after MI. Importantly, we (37) have previously shown that NO does not only have a direct vasodilator effect but also reduces ET-mediated vasoconstriction since the withdrawal of ET necessary for recruitment of flow reserve during exercise in normal swine is mediated in part through NO. However, the present study shows that NO-mediated inhibition of the ET vasoconstrictor influence was significantly reduced after MI. The latter observation, in conjunction with the observation that the overall ET coronary vasoconstrictor influence is abolished in MI swine, implies that vasoactive substances other than NO (possibly prostanoids) must have been responsible for the complete inhibition of ET influence on the coronary resistance vessels after MI.
In the normal heart, COX-1 is expressed constitutively (46, 50; present study). In accordance with these data, we (36) have previously shown that endogenous prostanoids contribute to regulation of coronary vascular tone at rest and during exercise in healthy swine. In contrast, inhibition of prostanoid production has very little effect in healthy humans (19) and dogs (6) either at rest or during exercise. As the effects of endogenous prostanoids decrease with age in both pigs (48) and humans (52) , the discrepancy between our studies in juvenile pigs and the human/canine (adult) studies may reflect a difference in age-dependent contribution of prostanoids to regulation of coronary vascular tone.
Coronary artery disease and MI trigger an inflammatory response both in the LV and the coronary vasculature. Although inflammation is a natural repair response to tissue damage, it may eventually contribute to myocardial damage, LV remodeling, and ultimately the development of heart failure (26, 51) . A significant part of the inflammatory response is mediated by prostanoids that are produced by COX-1 and COX-2. While COX-1 is already present in the healthy coronary vasculature (46, 50) , COX-2 is mainly induced by shear stress and at sites of inflammation and could therefore become more important after MI. Indeed, studies in humans (50) and rats (43) found an increase in COX-2 in the infarcted myocardium and border zone, and the contribution of prostanoids to regulation of coronary vascular tone in humans increases with the progression of coronary artery disease. Distal to angiographically minimally diseased coronary arteries, inhibition of prostanoid production induces mild vasoconstriction at rest that increases during exercise (8) , whereas vasoconstriction is most pronounced in patients with coronary artery disease at rest (18, 22, 39) and during exercise (18, 39) . In contrast to the increased expression of COX-2 in the infarcted myocardium, neither COX-1 nor COX-2-expression changes in the remote myocardium after MI (43; present study), which is consistent with the unaltered overall coronary vasodilator influence of endogenous prostanoids in this area. Yet, the indirect effects of prostanoids on coronary vasomotor tone, via inhibition of the ET system, were increased. COX-1 and COX-2 end products influence the ET system on various levels; for instance, thromboxane A 2 stimulates the production of pre-pro-ET (30) the precursor of the vasoactive ET, while both PGE 2 and PGI 2 inhibit ET production as well as secretion (40) . The present study shows that after MI an increased inhibition of the ET system by prostanoids occurs in the coronary vasculature, which contributes to the recruitment of flow reserve to fulfill the increased oxygen demand of the myocardium. However, further experiments specifically designed to discern alterations in the role of the individual COX end products after MI are required to further investigate their role in the regulation of coronary vascular tone in health and disease.
Perspective and Conclusions
Coronary vasomotor tone is tightly regulated by a multitude of vasodilator and vasoconstrictor influences, which, in addition to any direct effects on the vascular smooth muscle, can also impact each others expression, secretion, and receptor activation (7, 9, 37) . After MI, endothelial and neurohumoral control of coronary vasomotor tone is altered (12) . To maintain perfusion of the hypertrophied remote myocardium after MI in the presence of endothelial dysfunction (reduced NO vasodilation), coronary flow reserve is recruited not only by increasing metabolic vasodilation via K ATP channel activation (35) but surprisingly also by suppression of endogenous vasoconstrictor influences of ET (7, 34) and angiotensin II (7, 32 ). The present study shows that the suppression of the vasoconstrictor influences of ET on the coronary resistance vessels in the remote remodeled myocardium is not due to NO, of which the overall vasodilator influence and the inhibition of ET influence were blunted. In contrast, despite an unchanged overall vasodilator influence, prostanoids acted to negate the coronary vasoconstrictor influences of ET. These observations underscore the highly complex interactions between vasodilator and vasoconstrictor influences exerted by the endothelium on the coronary resistance vessels.
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